pulmonary vein, atrial fibrillation, tachycardia Introduction Several experimental and clinical studies have demonstrated the presence of rapid pulmonary vein rhythms that have a cycle length shorter than the cycle length recorded in the atrium during atrial fibrillation.
Introduction
Several experimental and clinical studies have demonstrated the presence of rapid pulmonary vein rhythms that have a cycle length shorter than the cycle length recorded in the atrium during atrial fibrillation. 1−12 These rapid rhythms may play a role in triggering and/or maintaining atrial fibrillation. 2−5,7−12 The activation patterns recorded around the circumference of the ostium during rapid pulmonary vein rhythms in the setting of atrial fibrillation have not been described in detail. Therefore, the purpose of this study was to characterize the pulmonary venous ostial activation patterns during atrial fibrillation.
Methods

Patient Characteristics
The subjects of this study were 39 patients with drug-refractory, paroxysmal atrial fibrillation who underwent segmental isolation of the pulmonary veins. 13 There were 34 men and 5 women, and their mean age was 55 ± 10 years. The mean duration of symptomatic atrial fibrillation was 8.1 ± 7.0 years, and the patients experienced a mean of 12 ± 10 episodes/month. Four patients had hypertensive heart disease, and the remaining 35 patients had no structural heart disease. Echocardiography demonstrated a mean left ventricular ejection fraction of 0.59 ± 0.10 (range 0.40-0.80), and a mean left atrial diameter of 40 ± 5 mm (range 33-55 mm).
Electrophysiologic Study Protocol
Therapy with antiarrhythmic drugs was discontinued at least 48 hours before the procedure, and in the case of amiodarone, at least 6 weeks before the procedure. After informed consent was obtained, a 6 Fr or 7 Fr quadripolar electrode catheter (EP Technologies Inc., San Jose, CA, USA) was inserted into the right femoral vein and positioned in the distal coronary sinus. Transeptal catheterization was performed and a 7 Fr decapolar electrode catheter with 1 mm electrodes spaced at intervals of 4.5 or 6.0 mm in a distal ring configuration (Lasso, Biosense Webster, Inc., Diamond Bar, CA, USA) was inserted into the left atrium. A7 Fr quadripolar catheter with a 4-mm distal electrode and interelectrode spacing of 2-5-2 mm (EP Technologies Inc.) also was inserted into the left atrium for mapping and ablation. Heparin was administered as needed to maintain an activated clotting time of 250-350 seconds.
The surface leads and intracardiac electrograms were recorded digitally (EP Med Systems, Inc., Mount Arlington, NJ, USA). The filter settings were 30 to 500 Hz for bipolar electrograms and 0.05 to 200 Hz for unipolar electrograms. An indifferent electrode positioned on the right thigh was used for unipolar recordings. Pacing was performed from the coronary sinus with a stimulator (Model EP-3 Clinical Stimulator, EP Med Systems, Inc.) at twice the diastolic threshold and with a pulse width of 2 ms.
Study Protocol
Pulmonary venous angiograms were performed to identify the location of the pulmonary vein ostia. Atrial fibrillation was present at the onset of the procedure in 19 patients, and was induced by rapid atrial pacing in the other 20 patients. The Lasso catheter was positioned sequentially within the left superior, left inferior, and right superior pulmonary veins. The Lasso catheter often could not be positioned within the right inferior pulmonary vein, and therefore electrograms recorded within this vein were not included in this study. The Lasso catheter was inserted 2-3 cm into the pulmonary vein and gradually withdrawn to within 5 mm of the ostium. During recordings of atrial fibrillation, the ablation catheter was positioned in the left atrium, adjacent to the pulmonary vein ostium in which the Lasso catheter was positioned.
Bipolar electrograms were recorded with the 10 pairs of adjacent electrodes of the Lasso catheter. When measuring the cycle length, only high frequency, discrete signals that had an amplitude >0.2 mV and that were separated by at least 50 ms were measured. Fractionated electrograms were defined as pulmonary vein potentials that had multiple deflections separated by <50 ms. When the cycle length inside the pulmonary vein was shorter than in the left atrium near that vein, this was considered evidence of a pulmonary vein tachycardia ( Fig. 1) . 11 Pulmonary vein tachycardia was distinguished from shortening of the cycle length due to simultaneous recordings from two or more fascicles. This distinction was based on comparison of the activation pattern recorded by the electrodes that demonstrated the shortest cycle length with the activation patterns recorded by the adjacent electrodes of the ring catheter (Fig. 2) . For the purposes of this study, a fascicle was defined as a discrete bundle of muscle fibers that generated a pulmonary vein potential, as validated by the disappearance of the pulmonary vein potential and electrical isolation of the fascicle in response to segmental ostial ablation. 11, 12 Electrograms that were suitable for analysis in this study were recorded in 35 left superior pulmonary veins, 35 left inferior pulmonary veins, 3 confluent left pulmonary veins, and 37 right superior pulmonary veins. The average duration of recordings in each vein was 3.1 ± 1.4 minutes.
Statistical Analysis
Continuous variables are expressed as mean ± 1 standard deviation. Student's t test was used to compare 2 groups. Analysis of variance was used when comparisons involved >2 groups. For the purposes of analysis, the three left confluent pulmonary veins were categorized as left superior pulmonary veins. When group differences were found, one-way analysis of variance was followed by the Schéffe method to test the significance of the difference among means in all groups. Discrete variables were compared by Chi-square analysis. An overall Chi-square test for a 2 ± n table was constructed when comparisons involved >2 groups. A P value <0.05 was considered significant.
Results
Prevalence of Pulmonary Vein Tachycardias
A pulmonary vein tachycardia was recorded in 102 of 110 pulmonary veins (93%). Pulmonary vein tachycardia was present during atrial fibrillation in 37 of 38 left superior pulmonary veins (97%), 33 of 37 right superior pulmonary veins (89%), and 32 of 35 left inferior pulmonary veins (91%). There was no significant difference in the prevalence of pulmonary vein tachycardia among the three pulmonary vein locations (P = 0.4). The prevalence of pulmonary vein tachycardia was similar during spontaneous (50/52 veins, 96%) and induced (52/58 veins, 90%) atrial fibrillation (P = 0.2).
Intermittent vs Continuous Pulmonary Vein Tachycardia
Eighty-seven percent of pulmonary vein tachycardias occurred as intermittent bursts that had a mean duration of 1,325 ± 647 ms and a mean cycle length of 125 ± 20 ms (Fig. 1) . Thirteen percent of pulmonary vein tachycardias were continuous during the entire recording interval, and had a mean cycle length of 141 ± 25 (Fig. 3) . The mean cycle length of the intermittent pulmonary vein tachycardias was significantly shorter than the mean cycle length of the continuous pulmonary vein tachycardias (P < 0.05). The activation pattern of intermittent pulmonary vein tachycardias was variable (Fig. 1) , whereas the activation pattern during continuous pulmonary vein tachycardias was constant (Fig. 3) .
The mean left atrial cycle length adjacent to the pulmonary vein was 173 ± 40 ms during intermittent pulmonary vein tachycardias, and 199 ± 36 ms during continuous pulmonary vein tachycardias. In both cases, the left atrial cycle lengths were significantly longer than the simultaneous pulmonary vein tachycardia cycle lengths (P < 0.001). The left atrial cycle length recorded during intermittent pulmonary vein tachycardias was significantly shorter than during continuous pulmonary vein tachycardias (P < 0.05).
Simultaneous Recordings from two or More Fascicles
During 90% of pulmonary vein tachycardias, 1-3 of the 10 pairs of bipoles of the ring catheter demonstrated a shorter cycle length than the other bipoles, attributable to simultaneous recordings of depolarizations from 2 or more fascicles (Fig. 2) . The mean cycle length in these recordings was 80 ± 32 ms, which was significantly shorter than the mean tachycardia cycle length of 125 ± 20 ms in the adjacent recordings (P < 0.001).
Discussion
Main Findings
In patients with paroxysmal atrial fibrillation, pulmonary vein tachycardias are present in approximately 90% of left superior, right superior, and left inferior pulmonary veins, regardless of whether the atrial fibrillation is spontaneous or induced by rapid atrial pacing. The pulmonary vein tachycardias occur approximately 5 times more often as intermittent bursts that last 1-2 seconds than continuously, and have a shorter mean cycle length when intermittent than when continuous. The association between pulmonary vein tachycardia cycle length and atrial fibrillation cycle length suggests that pulmonary vein tachycardias influence the left atrium during atrial fibrillation. Complex activation patterns caused by simultaneous recordings from two or more muscle fascicles are common during intermittent pulmonary vein tachycardias, and result in cycle lengths that are shorter than the actual tachycardia cycle lengths. Figure 2B .
Figure 2. A complex activation pattern recorded in a left superior pulmonary vein. Shown are lead II, 10 bipolar electrograms recorded by a Lasso catheter positioned in the left superior pulmonary vein, and bipolar electrograms recorded in the distal (d) and proximal (p) coronary sinus (CS). (A) The rhythm recorded by electrodes 3-4 and 4-5 has a cycle length of 71 ms, while the cycle length recorded by the other electrodes is approximately 150 ms. The area within the dashed lines is shown in an expanded format in
(B) Comparison of the activation pattern recorded by electrodes 3-4 and 4-5 with the activation patterns recorded by the adjacent electrodes indicates simultaneous recordings from at least two overlapping fascicles. Simultaneous depolarizations in adjacent electrodes are encircled, demonstrating how the activation pattern recorded by electrodes 3-4 and 4-5 do not represent a single tachycardia, but a combination of depolarizations originating in overlapping fascicles.
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Figure 3. An example of a continuous tachycardia arising in a left inferior pulmonary vein. Shown are lead II, a bipolar electrogram recorded at the left atrium (LA) adjacent to the ostium of the left inferior pulmonary vein, 10 bipolar electrograms recorded by a Lasso catheter positioned in the left inferior pulmonary vein, and bipolar electrograms recorded in the distal (d) and proximal (p) coronary sinus (CS). The tachycardia had a cycle length of 124 ms and was present at all of the electrodes of the Lasso catheter during the entire 2 minutes of the recording. The simultaneous cycle length in the left atrium adjacent to the vein was 172 ms.
Prevalence of Pulmonary Vein Tachycardia
In some prior studies, the prevalence of rapid pulmonary vein rhythms that had a cycle length shorter than in the left atrium during atrial fibrillation was reported to be only 12%-61%. 6, 8 In these studies, pulmonary vein recordings were obtained with conventional catheters that had a linear array of electrodes. In contrast, with the ring catheter used in this study and in a prior study, 11, 12 the prevalence of pulmonary vein tachycardia was approximately 90%. The tachycardias often were recorded at only some segments of the ostial circumference, and this is a likely explanation for why the prevalence of pulmonary vein tachycardia was underestimated in the prior studies that did not record electrograms from the entire circumference of the pulmonary vein.
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Intermittent Pulmonary Vein Tachycardia
Pulmonary vein tachycardias were found to be much more often intermittent than continuous. A prior experimental study of muscle fibers isolated from pulmonary veins of dogs prone to atrial fibrillation after several weeks of rapid atrial pacing, demonstrated a high prevalence of early afterdepolarizations. 5 This suggests that triggered activity may be a mechanism of pulmonary vein tachycardias. High frequency, irregular rhythms that had a cycle length of ≤120 ms also were commonly found, 5 consistent with the high prevalence of pulmonary vein tachycardia in the patients in this study. However, the reason that pulmonary vein tachycardias more often are intermittent than continuous remains to be determined.
Relationship to Left Atrial Cycle Length
Prior studies have presented evidence that pulmonary vein tachycardias may contribute to the maintenance of atrial fibrillation. 2−5,7−12 In the present study, the cycle length of intermittent pulmonary vein tachycardias was found to be shorter than the cycle length of continuous pulmonary vein tachycardias, and the left atrial cycle length during atrial fibrillation was shorter during intermittent pulmonary vein tachycardias than during continuous pulmonary vein tachycardias. This observation provides evidence that pulmonary vein tachycardias influence the left atrial cycle length during atrial fibrillation, as would be expected if the pulmonary veins played a role in maintaining an episode of atrial fibrillation.
Recordings from Overlapping Fascicles
The muscle sleeves that surround the pulmonary veins have a complex architecture, often with overlapping fascicles that are oriented in different directions. 14, 15 This complex arrangement of muscle fascicles explains why simultaneous recordings from more than one fascicle were commonly observed at some segments of the pulmonary vein ostia during episodes of atrial fibrillation.
Because simultaneous recordings from different fascicles by the same electrodes is a common phenomenon, the shortest cycle length recorded within a pulmonary vein often is not an accurate indicator of the true pulmonary vein tachycardia cycle length. This phenomenon can be recognized only by comparing the activation patterns recorded at adjacent sites along the ostia of the pulmonary veins. Therefore, if a conventional electrode catheter is used to record electrograms within the pulmonary veins, or if the activation patterns at adjacent electrodes of a ring catheter are not compared, it is likely that the cycle length of pulmonary vein tachycardia will erroneously be measured to be ≤40-50 ms shorter than the true tachycardia cycle length. This may account for why one study, in which conventional catheters were utilized, reported periodic clustering of cycle lengths between 40 and 120 ms within the pulmonary veins during atrial fibrillation, 16 while in this and other studies, pulmonary vein tachycardias have been reported to have a mean cycle length of approximately 130 ms.
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Limitations
A limitation of this study is that the right inferior pulmonary vein often could not be cannulated with the ring catheter, and therefore data from this vein were not included in the study. A second limitation is that the study was purely descriptive, and the effects of radiofrequency ablation on the activation patterns recorded within the pulmonary veins were not evaluated. Another limitation is that the findings of the study do not rule out the possibility that complex activation patterns within pulmonary vein also may result from two or more microreentry circuits within a single muscle fascicle. Finally, because all of the patients in this study had paroxysmal atrial fibrillation, the results may not apply to chronic atrial fibrillation.
Conclusions
Rapid rhythms that have a shorter cycle length than the cycle length in the adjacent left atrium often are present during episodes of atrial fibrillation in patients with paroxysmal atrial fibrillation. These rapid rhythms may represent tachycardias that are generated within the pulmonary veins. The direct correlation between the pulmonary vein tachycardia cycle length and the left atrial cycle length suggests that these tachycardias influence the left atrium during atrial fibrillation. However, complex activation patterns that represent a combination of depolarizations generated by overlapping muscle fascicles and that have a shorter cycle length than the actual tachycardia cycle length are commonly recorded at segments of the pulmonary vein ostia. The failure to distinguish these complex activation patterns from pulmonary vein tachycardias generated by individual fascicles is likely to introduce significant errors in the measurement of the pulmonary vein tachycardia cycle length.
